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CATALYTIC HYDROGENOLYSIS OF GLYCEROL
The usage of bio-fuels for transportation, in place of petroleum- derived fuels, will increase world over in the coming decades. Among the bio-fuels contemplated for use, bio-ethanol and biodiesel are the important ones. Particularly, the demand for biodiesel is expected to increase in the near future.  
Glycerol is a by-product of biodiesel industry. Approximately 10 wt % of glycerol is formed in the manufacture of biodiesel by transesterification of seed oils with methanol. It is identified as a potentially important bio-refinery feedstock. Glycerol has a great number of applications and it has been used in pharmaceuticals, cosmetics, soaps, toothpastes, candies, cakes and as a wetting agent in tobacco. However, there has been glut in the global market due to increased production of biodiesel. It is a big challenge to use this low-grade glycerol obtained from biodiesel production as it cannot be used for food and cosmetic uses. Today, there is a need to develop process technologies for the value-addition of glycerol to improve the economics of biodiesel production.  New chemistry of glycerol is emerging increasing the role of glycerol in future bio-refineries. Further, the derivatives of glycerol also are finding use in sectors as diverse as fuels, chemicals, automotive, pharmaceutical, detergent, and building materials.       
Glycerol is a highly functionalized molecule; a variety of value-added chemicals can be produced by catalytic conversion of glycerol through different reactions via a different reaction routes, such as oxidation, hydrogenolysis, dehydration, pyrolysis, steam reforming, etherification, esterification, oligomerisation, and polymerization. Here again the conversion by green catalytic processes is a challenging area of research. It is required to develop highly active heterogeneous catalysts to produce the desired chemical from crude glycerol.  
1,2-propanediol (1,2-PDO) or propylene glycerol is a three-carbon diol  with  a stereogenic  center at the central carbon atom. It is an important medium-value commodity chemical with a 4% annual growth in the global market. It is used for making polyester resins, liquid detergents, pharmaceuticals, cosmetics, tobacco humectants, flavor and fragrance agents, personal care items, paints, animal feed, antifreeze compound, etc.   There has been a rapid expansion of the market for 1,2-PDO as antifreeze and de-icing agent because  of the  growing concern  over the toxicity of ethylene glycol based products to humans and animals. Presently, the propylene glycol market is under severe pressure due to increase in oil and natural gas costs as these form the basic raw materials. Glycerol can be converted to 1,2-PDO using heterogeneous, homogeneous or biocatalysts. Among all these, heterogeneous catalytic conversion of glycerol is economically and environmentally attractive.
The work presented in this thesis is aimed at developing an active and selective heterogeneous catalyst for the hydrogenolysis of glycerol to 1,2-PDO.  Active carbon supported noble metal catalysts, either alone or in combination with solid acids (taken as co-catalysts catalysts) has been tested and the role of solid acid is described. An attempt has been made to prepare hybrid materials with both metal and acid functions in the same catalyst. A detailed study has been made on the application of non-noble metals, such as Cu and Ni, for the hydrogenolysis. Finally, the non noble metal catalysts have been promoted with Cr to improve the conversion and 1,2-PDO selectivity.    The catalysts have been characterized thoroughly to elucidate the structure-activity relationship.
Aims and Objectives:
1.	The principal aim of this thesis is to develop  a highly active heterogeneous catalyst  
       for selective hydrogenolysis of glycerol  selecting both  noble and non-noble metals 
      as catalysts.
2.	Studying the influence of solid acids as co-catalysts on glycerol hydrogenolysis to 1,2-PDO over Ru/C to identify the importance of acidity on the catalytic functionality. 
3.	 Identification of the suitability of preparing a hybrid catalyst by depositing Ru on the acid support, instead of taking the two components separately. 
4.	Studying of glycerol hydrogenolysis functionality of  Cu and Ni based catalysts. 
5.	Elucidation of the role of Cr promoter on Cu-Zn catalysts for glycerol hydrogenolysis.
6.	Detailed characterization of the catalysts and correlating their properties with activity, and
7.	 Understanding the reaction mechanism to achieve the specific hydrogenolysis product.  
Scope of the work:
Catalytic hydrogenolysis of glycerol was studied over supported noble metal and mixed oxide catalysts. Active carbon supported Ru, Pt, Rh and Pd catalysts were studied for glycerol hydrogenolysis and Ru/C was identified as the best catalyst. The influence of inclusion of solid acid catalysts, like ion exchange resins, on the activity of Ru/C was identified. The relationship between acidity of solid acid and conversion was brought out.  The second generation hybrid catalysts were prepared by supporting Ru on various solid acid materials (ZrO2, Nb2O5 and TiO2) and their efficiency in catalyzing the hydrogenolysis is ascertained.  Non-noble metal based Cu-Zn, Cu-Mg and Ni-Zn catalysts were prepared by co-precipitation method and evaluated them for the selective hydrogenolysis. In order to increase the activity of Cu-Zn catalysts, Cr was added as a structural promoter and the improvements in the functionality of the catalyst were delineated. The effect of variation in reaction parameters was studied to establish better reaction conditions. The catalysts were characterized thoroughly to establish structure - activity relationships.
Organization of the thesis: 
Chapter-I: Introduction
It gives a brief introduction on the commercial importance of glycerol and 1,2-PDO. The importance of value addition of glycerol is touched upon. The various methods available for value-addition of glycerol are discussed. The advantages of glycerol hydrogenolysis over the other reactions are addressed. A detailed account of the need for the development of heterogeneous catalysts for selective glycerol hydrogenolysis is given. The aim, objectives and scope of the work in carrying out the hydrogenolysis of glycerol over supported Ru catalysts and non-noble metal (Cu, Ni) catalysts, prepared by different methods, is discussed.
Chapter 2: Literature review 
The various catalysts developed and studied for glycerol hydrogenolysis are discussed. The related literature on noble and non -noble metal catalysts is given in this chapter.  The variation in hydrogenolysis activity between noble and non -noble metal catalysts is discussed briefly. The reaction mechanisms proposed over various catalytic systems are also described. 
Chapter 3: Experimental 
General procedures for catalyst preparation like impregnation, deposition-precipitation and precipitation along with the methodologies followed in the present work are presented in this chapter. The basic concepts and the experimental procedures of catalyst characterization techniques are described. The methodologies followed in the present work to evaluate the catalysts during glycerol hydrogenolysis are also discussed in detail. The preparation of supported Ru catalysts by impregnation and deposition-precipitation methods using RuCl3.XH2O as metal precursor and the mixed oxide catalysts such as Cu-Zn, Cu-Mg, Ni-Zn and Cu-Cr-Zn with varying Cu/M, Ni/Zn mole ratio prepared by co-precipitation method are illustrated.
The principles and the actual conditions used in the characterization of catalysts are narrated. N2 gas adsorption for BET surface area, XRD, TPR, TEM, TPD of NH3 and XPS techniques are described in detail.   
Results and Discussion: 
Chapters-4, 5 and 6 represent the results and discussion part of the thesis. They essentially deal with results obtained during the activity studies on different catalysts.
 Further, the characterization results of all these catalysts obtained by various techniques are correlated with the activity.
Chapter 4: Glycerol hydrogenolysis activity on supported Ru catalysts
 This chapter consists of three sections. The individual sections describe the results obtained during glycerol hydrogenolysis over Ru based catalysts. In each section, the results obtained on studies aimed at identification of the effect of  different reaction parameters are highlighted. The activity results are correlated with the  physico-chemical properties of catalysts.
Section 4.1: Glycerol hydrogenolysis activity on carbon supported noble metal catalysts with Amberlyst 15 as co-catalyst
In the present study, selective hydrogenolysis of glycerol into 1,2-PDO  studied over active carbon supported noble metal catalysts such as Pt/C, Pd/C, Rh/C and Ru/C as metal function catalysts is reported.  Ru/C catalyst has shown the highest glycerol conversion than Pt/C, Pd/C and Rh/C catalysts. However, the main product is derived from C-C bond cleavage in the hydrogenolysis reaction in the case of Ru/C leading to the degradation product ethylene glycol. The glycerol hydrogenolysis activity over M/C in combination with Amberlyst 15 catalysts (M = Pt, Rh, Pd, and Ru) is then taken up. Here, Amberlyst 15 is used as a solid acid catalyst. The addition of Amberlyst to supported noble metal catalyst showed higher hydrogenolysis activity than the supported metal catalysts when used alone. The hydrogenolysis activity of glycerol increased from 5.2 to 11.2 % in case of Ru/C when used in combination with Amberlyst. Hydrogenolysis of glycerol can occur in single or multiple steps. Single-step hydrogenolysis reaction (SHR) is possible when metal supported catalysts alone are used. The addition of solid acid to metal catalysts enhances the conversion and selectivity of the reaction because, hydrogenolysis proceeds through a two-step mechanism. Dehydration of glycerol to acetol takes place in first step over solid acid catalyst followed by hydrogenation in next step over metal site. According to the results obtained in this part of the thesis, the glycerol conversion into 1,2-PDO proceeded by combination of dehydration over Amberlyst catalyst and subsequent hydrogenation over metal catalysts. Thus, it is observed that the solid acid catalyst plays a major role in glycerol hydrogenolysis. Acetol is a reaction intermediate as it was identified in high concentrations by gas chromatography. Therefore, high glycerol conversions and high selectivity to propylene glycol could be achieved when Amberlyst was used as solid acid catalyst.
The relative importance of acid or metal catalyst in the hydrogenolysis of glycerol was studied by varying the individual catalyst weights.  A synergetic effect between acid catalyst and metal catalyst was observed. The catalytic system gave better selectivity with good conversion when the weight ratio of Amberlyst to Ru/C was 2. Increasing the catalyst amounts by keeping their ratio same increased the overall glycerol conversion remarkably. The effect of reaction temperature on the stability of Amberlyst catalyst was studied.  The decomposition of Amberlyst at high temperatures was noticed.   
Section 4.2: Effect of the nature of solid acid on the glycerol hydrogenolysis activity of Ru/C catalyst
Selective hydrogenolysis reaction was studied over Ru/C catalyst with several solid acids like zeolites (ZSM-5, H, Y-Zeolite), mesoporous SiO2 (SBA-15, MCM-41), metal oxides (Nb2O5, TiO2, ZrO2) and heteropoly acids (TPA/CsZrO2, CsTPA, CsTPA/ZrO2, TPA/ZrO2) as co-catalysts. The glycerol conversion and 1,2-PDO selectivity varied with the nature of solid acid under the same reaction conditions. It was proved that the acidity of the catalyst also influences its glycerol hydrogenolysis activity. In order to understand the relation between glycerol conversion and acid strength of the co-catalyst, temperature programmed desorption of ammonia (TPDA) was carried out over solid acids. TPDA results suggested that the total acidity of the catalyst plays a major role in the overall glycerol conversion.   It also suggested that moderate acid sites are sufficient to get reasonable glycerol conversion.   


Section 4.3: Glycerol hydrogenolysis over solid acid supported Ruthenium catalysts
In the previous section describes the results obtained taking different solid acids as co-catalysts in combination with Ru/C for glycerol hydrogenolysis.  It is observed that improper mixing of the two catalytic systems leads to non-concurrent results .   Therefore,  a single  hybrid catalyst is thought  to overcome this disadvantage. Ru was supported on various solid acids to make a single catalytic system for this reaction. Different bi-functional catalysts were prepared and evaluated for the hydrogenolysis activity.  It is observed that the nature of support material as well as its method of preparation influences the catalytic performance in the presence of ruthenium metal.   
Chapter 5: Glycerol hydrogenolysis activity on non-noble metal mixed oxide catalysts
	This chapter explains the glycerol hydrogenolysis over non-noble metal catalysts. The hydrogenolysis activity of Cu-Zn, Cu-Mg and Ni-Zn catalysts are discussed in detail. The effect of different reaction parameters is also presented. High activity of the catalysts is explained with the help of characterization results.
Section 5.1: Selective hydrogenolysis of glycerol to 1,2-propanediol over Cu-Zn catalysts
Cu-Zn catalyst can be used for selective hydrogenolysis of glycerol due to the acidic nature of ZnO and hydrogenation ability of Cu in the Cu-ZnO catalyst. These catalysts were prepared and evaluated for selective hydrogenolysis of glycerol to propylene glycol. The results suggested that with increasing Cu content the glycerol conversion increases up to 50% of Cu and the activity decreases with further increase in Cu composition. The optimum conversion was recorded for the catalyst with Cu to Zn ratio of 1.  It is found that the hydrogenolysis activity mainly depends on Cu metal area and its dispersion.  
Section 5.2: Selective hydrogenolysis of glycerol to 1,2-propanediol over Cu-Mg catalysts
  As discussed in previous section, a selectivity to 1,2-PDO of more than 90 % was achieved over Cu-Zn catalysts. However, the hydrogenolysis activity of catalyst was low.   Therefore, the hydrogenolysis was performed on Cu-Mg catalysts prepared via co-precipitation and by varying Cu loading. Cu-Mg catalyst was found to be more active than Cu-Zn catalyst.  The results have been explained based on the reaction mechanisms proposed in the literature. 
Section 5.3: Selective hydrogenolysis of glycerol to 1,2-propanediol over Ni-Zn catalysts
  Muhler et al. have reported the growth of copper particles in a Cu/ZnO methanol catalyst with increasing time on stream.  A similar behavior was also observed in the case of hydrogenolysis carried out on Cu based catalysts.   As ZnO stabilizes the metal species on its surface, Ni-Zn catalysts were studied for the hydrogenolysis activity. Ni-Zn catalyst showed greater performance in the liquid phase hydrogenolysis reaction.  
The Effect of Ni/Zn mole ratio on glycerol hydrogenolysis was studied.  The results suggested that the glycerol conversion increases up to a Ni/Zn ratio of 2. It is found that the catalyst having high metal surface offers high activity.  
Chapter 6: Glycerol hydrogenolysis activity on Cr promoted Cu based catalysts
Cu-Zn catalysts showed poor glycerol hydrogenolysis activity under mild reaction conditions. However, the selectivity towards propylene glycol was appreciable. Harsh reaction conditions or long reaction runs could get higher glycerol conversion over Cu-Zn catalysts, but the selectivity decreases with increase in glycerol conversion at high reaction temperature and hydrogen pressures.  Hence, there was a need to increase the activity of Cu-Zn catalysts towards obtaining better glycerol conversion, still retaining high propylene glycol selectivity under mild reaction conditions.   Therefore, Cr promoted Cu-Zn catalysts were prepared and evaluated for glycerol hydrogenolysis.  With the addition of Cr the conversion increased by about 7 times in comparison with bulk copper oxide and the selectivity of 1,2PDO was obviously improved to 95%. The present result was better than those reported in the literature.   The order of conversion of glycerol for copper oxide catalysts was as follows: CuCrZn>CuZn>CuCr>CuO. 

Chapter 7: Overall conclusions 
This chapter describes the important conclusions drawn from the work carried out.
Glycerol hydrogenolysis activity on supported Ru catalysts
 Ru/C gives the highest glycerol conversion among Pt/C, Pd/C and Rh/C catalysts. The main product (1,2-PDO) is derived from C-C bond cleave in the hydrogenolysis  leading to the formation of degradation product, ethylene glycol.  The addition of ion exchange resin to metal catalyst increases the glycerol conversion as well as selectivity to 1,2-PDO.  The promoting effect of Amberlyst is low for Pt/C, Rh/C and Pd/C compared to Ru/C.   The addition of solid acid to metal catalysts enhances the conversion and selectivity of the reaction because, the hydrogenolysis proceeds through a two-step mechanism.    
The activity of the catalyst in glycerol hydrogenolysis depends up on the amount of the acidity of solid acid taken as co-catalyst.  A synergistic effect can be observed between solid acid and Ru/C catalyst towards glycerol conversion and selectivity to 1,2-PDO.  
In the case of the hybrid catalyst, (Ru supported metal oxides), the method of catalyst preparation can influence the conversion and selectivity during glycerol hydrogenolysis. The catalyst prepared by DP method shows higher conversion than the IM catalysts. The presence of residual chloride has detrimental effect on glycerol hydrogenolysis for supported Ru catalysts. 
Glycerol hydrogenolysis activity on non-noble metal mixed oxide catalysts
 	Selective formation of 1,2-PDO can be achieved at low hydrogen pressures using Cu-ZnO based catalysts. Cu/Zn mole ratio shows an important effect on glycerol conversion.  The presence of small Cu and ZnO particles are required for better activity in glycerol hydrogenolysis.  
Replacing of ZnO with MgO in Cu based catalysts alters the reaction mechanism of hydrogenolysis reaction. Cu-Mg catalysts show better activity than the Cu-Zn catalyst.  Even though Cu based catalysts show better activity compared to supported Ru catalysts, their reusability is very poor. The deactivation rate of the copper based catalyst is high due to agglomeration of the metal crystallites. 
In the case of Ni-Zn, the activity of the catalyst depends on the Ni/Zn ratio. High glycerol conversion can be achieved over Ni/Zn catalyst mole ratio of 2. The glycerol conversion is favored on small particle sizes of Ni and ZnO. The presence of well dispersed Ni particles on ZnO is essential to get high activity in glycerol hydrogenolysis.  Ni-Zn catalyst shows the consistent activity upon reuse.
Glycerol hydrogenolysis activity on Cr promoted Cu based catalysts

Ternary Cu-Cr-Zn oxide shows high glycerol conversion than binary Cu/Cr, Cu/Zn and single CuO oxide catalysts. Acidity and metal surface area of the catalysts increases by the addition of Cr and Zn to CuO.  Even very low amounts of Cr in Cu-Zn catalyst affects the acidity and metal surface of the catalysts leading to high glycerol conversion. Enhancement in the acidity and metal surface are the reasons for high activity of Cu-Cr-Zn catalyst.  
Highlights of the Thesis:  
	Systematic study on the catalytic hydrogenolysis of glycerol over supported Ru catalysts and mixed metal oxide catalysts. 
	Synthesis of highly active and selective solid acid catalysts for glycerol hydrogenolysis.
	Replacement of ion exchange resins with thermally stable solid acid catalysts. 
	Elucidation of the influence of solid acid in combination with carbon supported Ru catalysts
	Development of a single hybrid catalyst in place of two catalyst systems.
	Development of inexpensive non-noble metal oxide based catalyst in place of noble metal catalysts.
	Synthesis of high active, selective to 1,2-PDO and recyclable Ni-Zn catalysts for glycerol hydrogenolysis.
	Development of high active Cu based catalysts by the addition of Cr as structural promoter.
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